Abstract The viral charge acquired and inoculated by single aphids in a non-circulative transmission is estimated using plum pox virus (PPV). A combination of electrical penetration graph and TaqMan real-time RT-PCR techniques was used to establish the average number of PPV RNA targets inoculated by an aphid in a single probe (26, 750), approximately half of the acquired ones. This number of PPV targets is responsible for a systemic infection of 20% on the inoculated receptor plants. No significant differences were found between the number of PPV RNA targets acquired after one and after five intracellular punctures (pd), but the frequency of infected receptor plants was higher after 5 pd. The percentage of PPV-positive leaf discs after just 1 pd of inoculation probe (28%/4,603 targets) was lower than after 5 pd (45.8%/135 9 10 6 targets). The methodology employed could be easily extended to other virus-vector-host combinations to improve the accuracy of models used in virus epidemiology.
Introduction
Most plant viruses depend on specific vectors for horizontal transmission between host plants. Insects, particularly homopterans with piercing-sucking mouthparts, are by far the most frequent vectors of plant viruses [1] [2] [3] .
Aphid behaviour and virus-vector interactions determine how the virus is transmitted as well as the efficiency of a given aphid species to transmit the agent [4] . Two categories of transmission exist, circulative and noncirculative, the non-circulative being the most widely adopted transmission strategy [5] . In non-circulative transmission, the virus is simply retained and transported by the vector, and acquisition, retention and inoculation periods are very short. Depending on the duration of these periods and the preacquisition starvation effect, non-persistent and semi-persistent transmission can be considered [6] .
Plum pox virus (PPV, genus Potyvirus), the causal agent of sharka disease mainly affecting apricot, plum and peach trees, causes the most detrimental virus disease of Prunus spp [7] . PPV is transmitted by aphids in a non-persistent manner, its main vectors being Myzus persicae Sulzer and Aphis spiraecola Pagenstecher [8] [9] [10] .
The characteristics of Potyvirus transmission by aphids have long been known, including the virus-vector specificity and the existence of an auxiliary factor or helper component (HC) involved in the retention of the virus in the aphid stylet [11] [12] [13] .
The electrical penetration graph (EPG) technique has been used to identify specific insect probing and feeding activities associated with the transmission of persistent [5, 14] , non-persistent [15, 16] , and semi-persistent [17, 18] viruses by aphids. These studies showed that aphids are unable to acquire or inoculate non-persistent viruses during a single probe unless an intracellular stylet puncture (pd) is made [19] , and that only particles retained in the anterior distal part of the aphid stylet are inoculated in the receptor plant by a salivation process [16, 20] .
Although the main features of the different modes of transmission are well known, no information is available regarding the number of virus particles acquired and then inoculated after probing, or what is the minimum threshold needed to achieve systemic infection. Different studies were conducted to estimate the number of non-circulative viral particles carried in aphids after specific acquisition periods [21] [22] [23] [24] [25] . These estimates included transmissible and non-transmissible viral particles present in the insect, thus overestimating those that are transmissible, infective and capable of causing systemic infections. Recently, Moury et al. [26] estimated the number of virus particles involved in horizontal transmission using an experimental approach based on the competition between infectious and non-infectious potato virus Y (PVY) variants. This excellent approach relied on a theoretical stochastic model based on data collected from in vitro experiments in which aphids fed on artificial mixtures of the two PVY variants but no quantification of the virus acquired and/or transmitted by the aphid was attempted. Betancourt et al. [27] estimated the effective number of founders starting an infection after aphid transmission using cucumber mosaic virus (CMV), based on data of segregation of two different viral genotypes. These studies were dependent on the methodology used, and the number of virus particles ranged from very few to thousands. However, in none of these studies was the number of viral targets acquired and inoculated by the aphid and the number of inoculated particles that actually originated a systemic infection taken into consideration.
The ELISA detection of non-circulative viruses in aphids is limited by their low concentrations [28] , but some successful results have been reported [29, 30] . Nowadays, different PCR-based techniques are available to consistently detect amplifiable viral targets in aphids [10] . The powerful real-time RT-PCR method allows detection and quantification of viral targets in aphids using TaqMan fluorescent probes [23-25, 31, 32] . The quantification of the number of targets present in a sample can be determined in an absolute or relative manner. In the first, the actual number of nucleic acid targets present in a sample is determined using a standard curve, constructed by amplifying known amounts of the target under conditions identical to those of the sample. In the second, the relative amount of nucleic acid target in different samples is shown in comparison with an internal control, but no clue is provided on the actual number of template copies present in each sample [33] . These procedures could be used as a tool for epidemiological studies of non-persistent viruses. Several key questions regarding the transmission of nonpersistent viruses remain unanswered: (1) is there any relationship between the transmission efficiency of non-persistent viruses and the amount of virus acquired? (2) does the aphid behaviour in donor and receptor plants affect detection and transmission rates? (3) are all the aphid-inoculated particles able to cause systemic infections? Considering that non-persistent aphid-transmission is a complex process that involves short acquisition, retention and inoculation periods, an accurate quantification of the viral charge acquired and effectively transmitted by a single aphid is necessary to study plant virus epidemics.
In the present study, single aphids were monitored under EPG control, and the number of PPV RNA targets acquired and transmitted was quantified by real-time RT-PCR. The estimated numbers of PPV RNA targets transmitted by aphids and the real infection rates obtained were compared, establishing the number of virus particles able to cause a systemic infection in peach seedlings.
Methods

Aphid species, virus sources and hosts
Myzus persicae Sulzer was used in the detection and transmission assays. Laboratory colonies were initiated from a single virginiparous female and reared on faba bean (Vicia faba L.) plants in environmental growth chambers at temperatures of 23°C (day) and 18°C (night) and a photoperiod of 14 h of light and 10 h of dark.
PPV-D (3.3 RB/GF, AF172346) infecting ''Sun Gold'' Japanese plum trees (Prunus salicina L.) or PPV-D infecting GF305 peach seedlings were used as a source of virus. All acquisition/transmission experiments were performed by using selected leaves. Symptomatic leaves from PPV-infected plants used as virus sources were analysed prior to transmission assays by DASI-ELISA and real-time RT-PCR to confirm the presence of the virus and to estimate the viral titre. Several detached fully expanded leaves from donor plants showing similar PPV infection levels were selected to homogenize/standardize the acquisition conditions in different detection and acquisition assays. Leaves from non-inoculated hosts were used as healthy controls in all experiments.
Young 5-cm-high GF305 peach seedlings or ''Colmo'' peas (Pisum sativum L.) were used as receptor plants in the transmission assays.
Detection and quantification methods PPV was detected by DASI-ELISA using the 5B-IVIA PPV-universal monoclonal antibody [34] (AMR Lab and Durviz kit) according to the manufacturer's and EPPO protocol [35] . Detection and quantification of PPV was performed by different real-time RT-PCR approaches using PPV-universal primers and TaqMan probes [23] . For the conventional real-time RT-PCR, total RNAs were purified using the RNeasy Plant Minikit (Mo Bio). For squash and spot real-time RT-PCR, samples were prepared as described previously [36, 37] . For all purification and detection procedures, negative controls were processed simultaneously and similarly using healthy plants and non-viruliferous aphids.
Estimation of numbers of PPV targets
The efficiency with which M. persicae acquires and transmits PPV was tested under laboratory conditions [38] . After a 1-h pre-acquisition starvation period, several aphids at a time were allowed to acquire the virus from a detached infected leaf during an acquisition access period (AAP) of 5-10 min. Three consecutive detection/transmission experiments were carried out using different selected detached leaves from the PPV donor with similar viral titres. Four independent types of assays were performed simultaneously using single aphids ( Fig. 1) . (a) Aphids fed on an infected leaf were individually squashed onto positive-charged nylon membranes (Roche) using the round bottom of an Eppendorf tube [22, 39] and were analysed by squash-capture real-time RT-PCR to determine number of the aphids that had acquired the virus. (b) Aphids were each transferred to a GF305 peach seedling receptor plant and allowed to make a single probe to evaluate the infection rate. Aphid probing was interrupted by removing the insect from the PPV-infected leaf with a paintbrush. Aphids that were unable to make a probe within 5 min were discarded. The activity of each aphid was observed, and the stylet penetration in a single probe was assessed by the antennal and body movements [40] . Virus was detected by DASI-ELISA and spot real-time RT-PCR 3 months after the transmission experiments. (c) Aphids were each transferred after the AAP to a GF305 peach seedling receptor plant and allowed to make a single probe on a restricted section of the leaf. A leaf disc (0.78 cm 2 ) around the exact point of inoculation in the receptor plant was cut immediately after aphid probing and placed in liquid nitrogen. These leaf samples were analysed by conventional real-time RT-PCR to estimate the number of viral RNA targets inoculated by the aphid after probing. (d) Aphids that probed after the AAP on the restricted section of the leaf were removed immediately after probing on the receptor plant, squashed onto nylon membranes and analysed by squash-capture real-time RT-PCR. This procedure aimed to estimate the percentage of viruliferous aphids and allow quantification of the residual viral targets still remaining in the aphid after a single probe on the receptor plant.
EPG control during acquisition and inoculation of PPV EPG recordings were acquired at 100 Hz through a 4-channel Giga DC-amplifier (Wageningen Agric. Univ., Entomology Dept.) as described previously [18] . Data were acquired by DATAQ Di700 A/D card (DATAQ Ò Instruments Inc., OH, USA) connected to the EPG amplifier and to a PC computer. Data acquisition and screen display were controlled by PROBE 3.0 software for Windows, which allows direct real-time acquisition of the EPG signal at the time that the EPG waveforms are displayed on the computer monitor.
For EPG-controlled acquisition experiments, aphids with a gold wire attached to their dorsum were connected to the EPG device after attaching the opposite end of the gold wire to a copper electrode (3 cm long 9 1 mm diameter). A second electrode was connected to a copper post (0.2 cm in diameter 9 10 cm long), which was inserted into the plant pot. Aphids previously starved for a 1 h were connected to the EPG device and placed on the youngest expanded leaf of a PPV-infected GF305 peach seedling. Two different infected leaves with similar PPV titres were used as donors. The aphids were removed after the following virus acquisition treatments: (a) first probing interrupted after the first intracellular stylet puncture or potential drop (pd) ended, and (b) probing interrupted after a total of 5 pd. Then, half of the aphids were transferred to pea plants (used as receptor plants in these experiments) for a 24-h inoculation access period (IAP) to assess the PPV infection rate after each treatment. The other half of the aphids were individually squashed onto a nylon membrane to estimate by squash real-time RT-PCR the acquired viral charge.
For the EPG-controlled inoculation experiments, aphids with the attached gold wire on their dorsum were placed after 1 h-starvation on the youngest fully expanded leaf of PPV-infected GF305 peach seedlings for an AAP of 5-10 min. Two different infected leaves with similar PPV titres were used as donors. For these experiments, pea plants were used as receptor plants. The following treatments were used ( Fig. 2) : (a) Aphids connected to the EPGs device were placed on a receptor pea plant until either 1 or 5 pd were recorded. Then, the aphids were removed and the leaf disc sample containing the site of inoculation and neighbouring restricted area was processed as before to estimate the inoculated PPV charge. (b) Immediately after probing, the aphids were removed from the plant and squashed onto a nylon membrane and then analysed by squash-capture real-time RT-PCR to estimate the remaining PPV charge after making 1 or 5 pd on the receptor plant. (c) Aphids from the initial population were connected to the EPG device and placed on a receptor pea plant until 1 or 5 pd were produced to assess the viral infection rate. The same aphids were then individually transferred to a second receptor pea plant for an IAP of 24 h. This second receptor plant was used as a control to assess initial virus acquisition by aphids. Samples with which aphids were unable to infect either of the two test plants were discarded from the analysis.
Statistical analysis
Differences between the measured levels of PPV RNA targets (Qty) obtained in each treatment were analysed using a one-way ANOVA after transforming the response variable by the natural logarithm. The statistical analysis of the PPV detection rate was conducted by a generalized linear model (GLM), assuming a binomial distribution. One hundred out of the 113 analysed leaf discs, sampled immediately after a single probe and analysed by conventional real-time RT-PCR, were PPV positive (88.5%). PPV was not amplified from leaf discs collected from healthy plants used as negative controls. Major differences were observed in the number of copies detected in the aphidinoculated plants, ranging from 305 to 216,589 PPVamplified RNA targets (Qty average = 26,750 ± 3,838).
Results
Detection
To estimate the amount of remaining PPV in the aphids after single probing on the receptor plant, the aphids were analyzed by squash real-time RT-PCR. Ten out of 93 The PPV titre in the selected infected leaves used as the donor was similar, ranging from 84 9 10 6 (Ct 10.8) to 76 9 10 6 (Ct 11.3). PPV transmission and viral detection after different acquisition periods subjected to EPG control are shown in Table 1 . Infection of receptor plants was assessed by symptom observation, DASI-ELISA and spot real-time RT-PCR, with consistent results. The transmission rate was lower after one than after five intracellular punctures (16.6% and 36.6%, respectively). The number of PPV RNA targets detected in the infected plants 3 months post-inoculation was similar regardless of the number of pd, being 13 9 10 5 ± 7 9 10 5 (Ct 23.6 ± 1.9) for 1 pd and 6 9 10 5 ± 2 9 10 5 (Ct 25.9 ± 2.1) for 5 pd. No statistically significant differences were found between the percentages of PPV-viruliferous aphids after 1 or 5 pd in the infected leaves (6.4% and 6.9%, respectively). The estimated PPV charge acquired by a single aphid after 1 pd was 45 ± 7 (Ct 38.4 ± 0.2) and after 5 pd was 143 ± 137 (Ct 39.7 ± 2.9).
PPV transmission rate after different intracellular punctures during inoculation access probes and estimation of the number of inoculated PPV RNA targets
The titre of PPV targets in the selected infected leaves used as the PPV donor in the two inoculation experiments was 70 9 10 6 (Ct 11.4) and 75 9 10 6 (Ct 11.7), respectively. PPV infection rates in leaf discs analyzed immediately after inoculation were 28.0% and 45.8% after 1 and 5 pd, respectively (Fig. 2) . The amount of PPV inoculated by a single aphid in the receptor plant was significantly lower after 1 pd (average: 4,603 ± 1,855) than after 5 pd (average: 135 9 10 6 ± 8,074). The number of remaining PPV RNA targets in the aphids after the inoculation process was estimated by detecting PPV in the aphids after inoculation. Unexpectedly, no statistically significant differences were found in the percentage of viruliferous aphids detected after 1 pd (12.5%) and after 5 pd (6.9%), nor in the amounts of PPV RNA targets, which were 46 ± 19 (1 pd) and 108 ± 96 (5 pd).
The transmission rate 3 months after the inoculation was similar in both of the EPG-controlled treatments (Fig. 2) . All infected plants showed typical PPV symptoms. In the first transmission, 12.5% of the plants were infected after 1 pd (average: 7 9 10 5 ± 3 9 10 5 ) and 12.0% after 5 pd (average: 2 9 10 5 ± 1 9 10 5 ). In the second transmission, 12.5% of the plants were PPV-infected after 1 pd (average: 3 9 10 4 ± 2 9 10 4 ) and 16% after 5 pd (average: 7 9 10 4 ± 3 9 10 4 ). No significant differences were found between the PPV infection rates reached in both inoculation probe treatments in the first and the second transmissions. These results indicate that the number of aphids capable of inoculating the virus in the second transmission remained the same as in the first transmission.
Discussion
The viral charge acquired and inoculated/transmitted by single aphids was estimated by EPG and quantitative realtime RT-PCR, and therefore the effect of aphid probing behaviour on the transmission process of non-persistent viruses could be evaluated. The number of PPV RNA targets in plant and in single aphids was quantified based on a standard curve obtained with a 10-fold dilution of PPV RNA transcripts. The sensitivity and reliability of the realtime RT-PCR methodology used in the present study had been established previously for PPV RNA targets [23] . For this reason, the use of an internal gene, from plant or aphid, as a control in the amplification reaction was not included in this study. The same authors demonstrated that the detection of PPV RNA targets at a dilution of 1:65,536,000 by real-time RT-PCR (Ct 40) was feasible. Consequently, the sensitivity provided by this methodology is appropriate for the quantification of PPV RNA targets in the Ct range obtained during the viral detection in aphids. It should be pointed out that the number of cycles necessary for detection of viral targets in single aphids is usually higher than in plant samples. In addition, previous studies showed that the absolute quantification of viruses in their aphid vectors also resulted in high Ct values [23, 25, 31] . The Ct value is calculated when amplification of PCR products is first detected, in other words at the beginning of the exponential phase of amplification. Considering that nonpersistent viruses do not replicate in the aphid body, the number of viral copies detected in an individual aphid is low, leading to higher Ct value. In contrast, the viral particles inoculated in a susceptible plant can replicate, and usually they reach higher viral titres, resulting in lower Ct values.
The results of the experiments show that the frequency of viral detection in single aphids is similar before and after the IAP (13.6% and 10.7%, respectively). However, the estimated number of amplified PPV RNA targets is approximately twice as high immediately before inoculation as it is after the inoculation process, suggesting that aphids inoculate about half of the number of the acquired targets (Fig. 1) . Furthermore, the number of viral RNA targets inoculated by aphids in a restricted area of a leaf was detected by conventional quantitative real-time RT-PCR (average: 26,750 ± 3,838 PPV RNA targets) in 88.5% of the tested leaf discs.
The number of PPV RNA targets in single aphids and in leaf discs of the receptor plants was estimated using different RT-PCR approaches: (a) the virus was detected by squash real-time RT-PCR in single aphids, and (b) the virus was detected by conventional real-time RT-PCR in leaf discs. It is well known that conventional real-time RT-PCR is more sensitive than other real-time RT-PCR approaches based on sample immobilization (10-100 times) because it detects and quantifies the total viral RNA included in the sample, whereas squash real-time RT-PCR probably detects only genomic RNA from virions [23, 24] . Consequently, the results could suggest that the number of PPV RNA targets acquired by a single aphid is approximately equal to the number of targets effectively inoculated plus the PPV RNA targets remaining in the aphid after inoculation (6,529.7 ± 2,035.7 * 2,675.0 ± 383.81 ? 3,143.8 ± 750.0). It can be inferred that during the access period on the receptor plant, aphids are able to liberate and inoculate the retained PPV particles from the distal part of the stylet. These particles are the effectively transmitted ones detected in the leaf discs (Fig. 1, treatment b) . The viral particles that are not specifically retained in the aphid stylet are ingested by the aphid and therefore irrelevant in the virus transmission process. These ingested particles can be detected in the aphid after the inoculation access period and were called residual viral targets post-inoculation ( Fig. 1; Treatment c) . Obviously, the number of PPV targets liberated from the tip of the aphid stylet and inoculated in the leaf discs has to be similar or lower than number of PPV targets detected in an aphid. However, as discussed above, the high sensitivity of the conventional real-time RT-PCR provides a larger number of positive samples and a higher viral titer in plants than in aphids, where PPV is detected by squash real-time RT-PCR.
Despite the fact that 88.5% of the tested aphids inoculated the virus into the receptor plants (positive detection in leaf discs), only 20% of the inoculations resulted in systemic infections. The reasons for this discrepancy are unclear, but as suggested by Soosaar et al. [41] , several factors involved in the viral invasion process can restrict virus movement in the plant and prevent systemic infection. It is well known that only a small number of virus particles are involved in mechanical or vector-mediated infection of a new plant host. Pirone and Thornbury [21] estimated the number of virions required for effective plant infection to be one hundred viral particles. More recently, other report indicates that only 10 virus particles are able to cause the systemic infection of plants after mechanical inoculation, although several hundreds initiate the infection [42] . The mathematical estimate of the number of transmitted viral particles obtained by Moury et al. [26] was lower than the number of viral targets estimated by realtime RT-PCR (ranging from 305 to 216,589) in the probing area of the receptor plant just after the inoculation process. It should be considered that the transmission experiments of Moury et al. followed a different experimental approach in which virus acquisition happened on artificial media containing purified virus particles. Since the acquisition efficiency on artificial media is lower than on infected plant tissues, and aphid behaviour is not the same, the transmission results may vary.
Aphid behaviour is very unpredictable, and probing or feeding activities leading to virus transmission do not always occur during the same time interval. For this reason, the EPG device was used to control the behavioural events leading to virus transmission of PPV by M. persicae. The results showed that the infection rate was higher when aphids acquired the virus from donor plants after five than after one pd. The acquisition and inoculation of nonpersistent viruses by aphids occurs after superficial intracellular stylet punctures on donor and receptor plants, following an ingestion-salivation mechanism [5, 16] . As a consequence, it is expected that increasing the number of intracellular punctures in donor plants would lead to high rates of transmission. The number of PPV RNA targets in the receptor plants quantified 3 months after the transmission experiments was similar for 1 or 5 pd treatments because the initial inoculated virus had time to replicate and accumulate to comparable levels in the infected plants after both types of treatment [42] . In the same way, it is expected that by increasing of the number of pd in the infected plant would lead to high levels of detection and large numbers of PPV targets in the aphid. However, this agreement was not obtained with the detection of PPV in aphids after the AAP. Although the PPV quantitation after 5 pd (Qty 143 ± 137; Ct 39.7 ± 2.9) is three times higher than after 1pd (Qty 45 ± 7; Ct 38.4 ± 0.2), no differences were found between the results obtained in PPV detection and quantification in single aphids after 1 or 5 pd of AAP in the infected leaves.
The data obtained in EPG-controlled experiments during the inoculation process confirm the results obtained in transmission experiments conducted with free aphids making a single probe. The frequency of PPV detection in leaf discs collected immediately after the inoculation process was higher than the effective transmission rate, confirming that not all of the viral particles inoculated by the aphid were able to cause a systemic infection. The detection rate and quantification of PPV RNA targets in the leaf discs was lower after a single pd than after 5 pd. This result suggests that by increasing the number of pd, the number of PPV RNA targets inoculated into the receptor plant also increases, as reported previously for the transmission frequency [43] . No differences were found in the residual viral charge in aphids after the two EPG-controlled inoculation treatments tested. PPV detection in squashed aphids was similar to that obtained with free aphids after making a single probe. The percentage of detection of PPV in aphids that made only 1 pd on the receptor plants (12.5%) was nearly twice that observed after 5 pd (6.9%). These data suggest that the number of viruliferous aphids decreases when aphids are allowed to make successive intracellular punctures in the receptor plant. These results are consistent with the number of PPV RNA targets detected in the inoculated leaf discs of the receptor plants.
The inoculation of non-persistent viruses is related to one of the first subphases of the pd (subphase II-1) [16] . This subphase is very short, and it does not vary over successive intracellular punctures [43] . Therefore, and in agreement with previous reported results [44, 45] , the occurrence of a series of consecutive intracellular punctures, and not their duration, is a key factor leading to the inoculation of non-persistent viruses.
The use of feeding monitoring systems has allowed the study of the relationship between the feeding behaviour of different aphid species and their ability to transmit other non-persistent viruses [15, 16] . Cucumber mosaic virus (CMV, Cucumovirus) and potato virus Y (PVY, Potyvirus) transmission by different aphid species (Aphis gossypii and M. persicae, respectively) have been previously reported by Martín et al. [16] , with similar results on transmission rate for both viruses. Moreover, Martín et al. analysed the aphid behaviour involved in the virus acquisition and inoculation process with consistent results for CMV and PVY. M. persicae was selected in this study because it is one of the main PPV vectors under natural conditions [46] . Due to the similarity between the transmission of different non-persistent viruses by different aphid species and to the low virusvector specificity of this transmission mode, no great changes using other aphid species would be expected. However, we cannot rule out the possibility of changes on transmission by other aphid biotypes, aphid species or virus isolates.
In conclusion, the results of the present work provide relevant information for understanding several aspects of virus-vector-plant interactions that play a role in the transmission of non-persistent viruses. The results demonstrate that only a relatively small number of PPV particles contribute to the systemic infection of inoculated woody plants. These findings contribute to the understanding of the major transmission strategy adopted by plant viruses and provide a new methodology for accurate estimations with other virus-vector-host combinations.
